Alginate hydrogels are commonly used in biomedical applications and these hydrogels are usually prepared by ionic or covalent crosslinking. This study reports a new synthesis route for preparing photoluminescent alginate hydrogels using amine functionalized carbon nanodots (CNDs). CNDs with amine functional groups have been synthesized from ortho, para, and meta phenylenediamine by using the solvothermal method. The nanodots display yellow, red, and blue color when excited with a UV light with the wavelength of 365 nm. Amine groups on the CNDs form chemical crosslinks with alginate chains leading to the formation of a crosslinked network. The sol-to-gel transition has been monitored by using in situ shear rheometry. The CNDs crosslinked hydrogels maintain their fluorescent activity in a phosphatebuffered saline solution for a prolonged duration. Stable hydrogels with photoluminescent activity will have potential applications in metal ions sensing, drug delivery, and other biological applications.
Introduction
Many photoluminescent materials have been developed in the past decade including organic uorescence dyes, rare-earth based nanoparticles, quantum dots (QDs), polymer dots, and molecular nanomaterials. [1] [2] [3] [4] [5] [6] However, high toxicity, photobleaching, poor water solubility, and complicated preparation procedures have hindered their widespread applications in the biological eld. Recently, carbon nanodots (CNDs) have been reported as a potential alternative to the QDs, due to their good stability, high biocompatibility, and low cytotoxicity. [7] [8] [9] The electron donation and acceptance ability of the CNDs make them highly viable for the sensing applications. 10 Highly sensitive mercury sensing application up to 2.6 nM detection limit has been reported using CNDs labeled oligodeoxyribonucleotide. 11 Amino acid functionalized CNDs system has been used to capture the presence of melamine in the milk sample.
12 Moreover, the CNDs-based biosensor has shown to be capable of selective detection of hyaluronidase, which plays an important role in cancer malignancies. 13 Applications of CNDs can be further harnessed by incorporating those in hydrogels. Synthesis of the uorescent hydrogels by attaching the CNDs to the poly(N-isopropylacrylamide) (PNIPAM) has been reported.
14 However, in this work CNDs were attached to the main polymer chain in order to acquire the uorescence activity.
14 A recent study reported enhanced drugdelivery by utilizing CNDs coated alginate hydrogels. 15, 16 If CNDs are physically absorbed on ionically crosslinked alginate beads, the CNDs can leach out in a biological medium and diminish the benet of using CNDs.
Hydrogels, particularly, that are synthesized from natural polymers such as collagen, polysaccharides have been investigated for many applications because of their bio compatibility, low toxicity, and easy synthesis routes. [17] [18] [19] [20] [21] Alginates are polysaccharides extracted from brown algae. They are linear copolymers composed of b-D-mannuronic acid (M) and a-L-guluronic acid (G) having different stereochemistry.
22 Several experimental and computational studies revealed that only the G-G residues form ionic bonding with the divalent cations, for example, Ca 2+ , to form a crosslinked network. [23] [24] [25] However, the mechanical properties of ionic crosslinked alginate hydrogels can undergo changes inside a physiological media containing salts. 26 Here, charged species can alter the ionic crosslinking of the alginate gels leading to mechanical failure of the gels.
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Such degradation can be an issue for the application of these gels in biomedical applications such as drug delivery or tissue engineering. This problem can be overcome by chemically crosslinking the alginate chains. 27 Presence of carboxylic acid groups in alginate chains allows one to form chemical crosslinks via amidation reaction with diamine molecules.
In many applications, such as in drug delivery, cell microencapsulation for the delivery of biopharmaceutics, and tissue engineering, monitoring the stability of hydrogels inside the biological media is important. This can be potentially achieved by taking the benets of the uorescence activity of CNDs and the biocompatibility of alginate gels. Towards that goal, here we present a facile synthesis route for CNDs mediated crosslinking of alginate gels. Multicolor photoluminescent CNDs have synthesized by using solvothermal synthesis method from ortho-, para-, and meta-phenylenediamine. 28, 29 These CNDs are inherently amine functionalized and are used for chemical crosslinking of alginate chains. Such nanoparticle-mediated synthesis of alginate hydrogels has not been reported widely in the literature. The synthesized hydrogels display the similar photoluminescence of the CNDs, it was incorporated with. Fluorescence activity of these gels remained stable for a prolonged duration in a phosphate-buffered saline media, in comparison to the dissociation of ionically crosslinked alginate gels. We anticipate that this novel uorescence active CNDs mediated chemically crosslinked alginate hydrogels will openup novel biomedical and biosensing applications. C for 12 h. Aer the reaction media was cooled down to the room temperature, a sequence of centrifugation steps was used to separate the CNDs as a precipitate. CNDs (the precipitate) were then dried using a freeze dryer to remove the ethanol. CNDs obtained from o, m, or p-phenylenediamine have been labeled as o-CNDs, m-CNDs, and p-CNDs, respectively. These CNDs were examined for the uorescence activity and were used for alginate gel formation aer dissolving in DI water in an appropriate quantity. Fluoromax-4 spectrometer (HORIBA) was used to evaluate the photoluminescence activity of the CNDs and CNDs crosslinked alginate hydrogels. The FTIR spectra were recorded by using a Thermo Nicolet Nexus 6700 instrument. Thermo Scientic K-Alpha XPS system equipped with a monochromatic X-ray source at 1486.6 eV corresponding to the Al Ka line was used for the XPS experiments. XPS experiments were conducted on the freeze-dried CNDs. To investigate the morphologies of the CNDs, transmission electron microscopy (TEM) and atomic force microscopy (AFM) characterizations were conducted using JEOL 2100 (200 kV) TEM and Bruker dimension icon AFM.
Experimental

Preparation of alginate hydrogels
Photoluminescent alginate hydrogels were prepared by two types of crosslinking, CNDs crosslinked (chemical) and ionically crosslinked using divalent Ca 2+ . For crosslinking with CNDs, alginate powder was dissolved in a buffer solution (pH $6.0) using an overhead mixer and the alginate concentration was maintained at 10 mg mL À1 . EDC and HOBt were used in order to activate the carboxylic groups on alginate chains. Moles of COOH group was determined by considering the molecular weight of alginate as 260 000 g mol À1 .
30 EDC : HOBt : COOH molar ratios were selected as 1.0 : 1.0 : 1.0. Aer obtaining a homogeneous alginate solution, EDC was added and was then mixed for 60 min. Aerwards, HOBt was added and was mixed for additional 30 min. In the last step, amine functionalized CNDs was added maintaining the concentration of 1 mg mL
À1
. The solution was further mixed for 1 min prior to either immediately transferring to the rheometer for in situ gelation or casting in a Petri-dish.
The synthesized gels were also analyzed using scanning electron microscopy (SEM) using a JEOL 6500F Field Emission SEM. Here, gel samples were quickly frozen by dipping in liquid nitrogen. The frozen hydrogels were then fractured with a sharp scalpel. Fractured gels were transferred to a freeze dryer and freeze-dried until all the solvent (water) sublimed. 31 A very lightweight dry gel was obtained aer 48 h of freeze-drying. This sample was then investigated in SEM.
For ionically crosslinked alginate gels with CNDs, an alginate stock solution (10 mg mL À1 ) in DI water was rst prepared. 
Rheological characterization
Shear rheological measurements were conducted using a stress-controlled rheometer, DHR2 (TA Instruments). A 20 mm parallel plate with solvent trap geometry was used. The gap between plates was selected as 1.5 mm. A rough sand paper (grit #60) was attached to both plates to minimize the slippage at the interface between plates and the gel during rheological experiments. In situ gelation was monitored by conducting a time sweep experiment with strain amplitude
performed on the gel samples. All measurements were performed at room temperature.
Evaluation of hydrogels stability and swelling
The prepared ionic and chemically crosslinked photoluminescent hydrogels were placed in a phosphate-buffered saline solution (pH ¼ 7.4) to determine the change in swelling behavior as a function of time. Gels were cut in small cubes prior to immersing in saline solution in 20 mL vials. Gels were removed from the solution aer known time interval to measure their mass (m). The normalized weight was determined as m/m 0 , where m 0 is the initial mass of the gel cube.
Results and discussion
Photoluminescent carbon nanodots
Phenelenediamine was particularly selected as the starting material to obtain amine functionalized CNDs. These nanodots have a diameter of $10 nm, as observed in TEM and AFM images (Fig. S1 †) . The p-CNDs are slightly bigger than o-CNDs, which in turn are bigger than m-CNDs. Aer synthesis using solvothermal methods, 28 uorescence properties of o, m, and p-CNDs were investigated in aqueous media. Fig. 1 
(N-H stretching and N-H bending). Several distinct peaks at about z2924 cm À1 and z1497 cm À1 appeared in the CNDs spectra compared to that of the pure phenylenediamine (Fig. S2b †) . These peaks are likely due to the decomposition, intermolecular cyclization, and condensation reactions occurred during the formation of CNDs. 28 The XPS spectra and the relative C, N, and O content for the CNDs are shown in Fig. S3 . † Similar to that reported in the literature, the N content is highest in p-CNDs. 28 
28 These three different colors are likely due to the different sizes (Fig. S1 †) and nitrogen percentages (Fig. S3 †) in the CNDs.
Alginate gel formation
Alginate polymer chains consist of the carboxylic functional groups (COOH). These carboxylic functional groups are used to crosslink (either ionically or chemically) to obtain alginate gels. 27 Ionically crosslinked alginate gels are most common, and the gelation is mostly conducted using divalent calcium salts, which form ionic bonding with the carboxylic functional groups. One Ca 2+ ion can potentially bond with two chains (mostly GG blocks) leading to crosslinking. In fact, multiple Ca 2+ ions form ionic bond with alginate chains to form junction zones.
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CNDs synthesized here contain amine functional groups on the surface. As shown in Fig. 2 , the carboxylic groups of alginate chains have been activated by using EDC and HOBt. 27 These chains then react with the primary amine of the CNDs forming covalent bonds (amidation reaction). Since the CNDs can have multiple amine groups, those can theoretically associate with multiple chains. However, the size of CNDs ($10 nm) and the persistence length of alginate chains ($15 nm) 30 will dictate the number of chains that can link with a single CND. Because of large persistence length, it is unlikely that the alginate chains wrap around the CNDs. Although, we have not conducted any scattering study to investigate the structure of these gels, we can anticipate that egg-box junction zones are not present here. Rather, the crosslinking is random throughout the sample, similar to that observed for chemically crosslinked alginate gels.
27 SEM (Fig. S4 †) captures the gel morphology similar to that observed in literature for alginate gels. 31 There are reports on chemically crosslinked alginate gels by using diamines, 27 but nanoparticle-mediated gelation of alginate has not been reported. Our results also differ from the earlier reports on CND containing hydrogels, 14 as CNDs in our system participate in the gelation process as the crosslinkers. Modulus of CNDs crosslinked alginate gels can be readily varied by changing the concentration and types of CNDs.
Rheological characterization of CNDs-alginate hydrogels
The sol-to-gel transition of CNDs crosslinked hydrogels was monitored in situ on a rheometer. Dynamic rheological measurement was conducted to probe the evolution of shear moduli during the transition from an aqueous solution to a gel state (Fig. S5 †) . G 0 (storage modulus) and G 00 (loss modulus) increased with time and reached a plateau aer $4 h for oCNDs-alginate gel, however, increase in G 0 was not signicant aer about 2 h. Aer 4 h of gelation G 0 is more than two orders of magnitude higher than G 00 , indicating the completion of gelation process. Aer in situ gelation on the rheometer, frequency and strain sweep experiments were conducted. Fig. 3a displays G 0 and G 00 as a function of frequency for o-, m-, and p-CNDs-alginate gels. In all cases, elastic moduli were found to be almost independent of frequency over the range investigated here. Interestingly, the mechanical properties of hydrogels depend on the type of CNDs used. For example, the p-CNDs-alginate gel has the highest shear modulus, whereas, the m-CNDs-alginate gel has the lowest one. The difference in G 0 for a similar alginate and CNDs concentrations has been found to be as high as ten times. Shear modulus is directly linked to the crosslink density and higher modulus represent higher crosslink density. At this stage, the exact reason behind the differences in shear modulus for different CNDs is not known, but can be hypothesized to be linked to the difference in chemical functionalities of CNDs, particularly, the number and accessibilities of the amine groups. XPS analysis on CNDs revealed that the p-CNDs have the highest nitrogen content (Fig. S3 †) , whereas m-CNDs contains the lowest amount of nitrogen. 28 In addition, the size of the nanodots can play a role, as the CNDs have dimensions closer to the persistence length of the chains. As discussed above (also see Fig. S1 †), p-CNDs have the largest particle size, whereas, m-CNDs have the smallest one, similar to that reported earlier.
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Subsequent to the frequency sweep test, large amplitude oscillatory shear experiments were performed. Fig. 3b displays G 0 and G 00 of these gels as a function of shear strain amplitude.
In general, CNDs-alginate hydrogels display strain stiffening behavior, similar to that observed for ionically crosslinked gels. 30 The strain stiffening behavior was more pronounced for the gels with the lowest modulus. For example, G 0 in m-CNDsalginate gel increased more than two times before the material failed in shear-mode. This strain-stiffening behavior can be attributed to the stiffness of alginate chains (semi-exible), as the junctions zones typical to ionically crosslinked chains are not expected to be present here. The drop of G 0 at large strain was due to the cohesive fracture of the network in all CNDsalginate gel (Fig. S6 †) . In addition to CNDs crosslinked hydrogels, ionically crosslinked gels with CNDs were also prepared by adding the CNDs to the pre-gel solution. For these samples, once the gels form, the CNDs are present in the interstitial space of hydrogels and are not chemically linked with the alginate chains. In an earlier study, we have captured the gelation of ionically crosslinked alginate gels. 30 For those samples, gelation time was about 6 to 8 h, longer than that observed for CNDs crosslinked alginate gels, for similar alginate concentration.
Gel stability
For the application of these hydrogels in biomedical applications, the stability of these gels inside biological media is important. In this study, the phosphate-buffered saline solution was used to mimic the physiological conditions. Fluorescence activity of the hydrogels was examined aer submerging the samples in the buffer solution for a known period of time. Both ionic and chemically crosslinked hydrogels with CNDs were used for this experiment. The leaching of CNDs in the solution was monitored by measuring the uorescence intensity of the submerging solution as a function of time, as shown in Fig. 4 . The normalized intensities are shown in Fig. 4 , whereas, the actual intensities are shown in Fig. S7 . † For all samples, the uorescence of the submerging solution increased initially indicating leaching of CNDs. However, for CNDs-alginate gels, aer this initial increase in uorescence, no further signicant change was observed in rst 8 h. Even aer 24 h, CNDs crosslinked hydrogels maintained the uorescence activity (Fig. S8 †) . However, for ionic alginates, the uorescence intensity of the submerging media continued to increase with time, indicating continuous leaching of CNDs from the samples. Aer about 3 h most of the CNDs leached out in the media and the gels were no longer uorescent.
Above results further suggest that in these ionically crosslinked alginate gels the CNDs were not chemically linked. Because of complete leaching of CNDs, these ionic hydrogels cannot be uorescently tracked inside a biological medium aer a short period of time. The CNDs crosslinked hydrogels were superior in that respect, as the CNDs leaching was not signicant. This initial increase in uorescence of the submerging media was caused by the leaching of a small amount unreacted CNDs trapped inside the hydrogels.
Swelling and degradation behavior of the hydrogels were investigated by submerging these gels in phosphate-buffered saline solution over a period of time. The increase of mass, represented by normalized mass (m t /m 0 ) was monitored as a function of time. As shown in Fig. 5 , a small swelling of ionically crosslinked hydrogels was observed, i.e., m t /m 0 z 2.2, aer waiting for 4 hours. However, as we waited longer, the gels started to disintegrate. Aer 5 h, hydrogels were totally dissociated. Correspondingly, the color of the saline solution changed according to the type of CNDs present within the hydrogel (Fig. S9 †) . In contrast, the swelling of CNDs crosslinked alginates was much smaller (m t /m 0 z 1.5). These hydrogels have been found to be very stable and have not shown any deterioration even aer 8 h.
As shown for most of the CNDs in the literature, the CNDs and the alginate gels consisting of CNDs presented here display uorescence with the excitation of UV light. However, for bioimaging purpose it will be benecial to use higher wavelength or lower energy excitation, as higher energy excitation wave length can possibly cause some harmful effects to the living cells. Therefore, p-CNDs and p-CNDs-alginate gels uorescence activity was investigated over the wavelength range of 500 nm to 600 nm, as shown in Fig. 6 . m and o-CNDs were not considered here, as these CNDs cannot be exited above the wavelength of 500 nm. p-CNDs in water have shown its maximum uorescence intensity when excited at 520 nm. In contrast, the gels exhibited the highest intensity at 500 nm excitation. The gel has also shown a considerable amount of uorescence activity upto 560 nm excitation. Therefore, this can be the feasible excitation wavelength region for bioimaging applications.
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Conclusion
The study has shown a facile synthesis strategy for chemically crosslinked uorescence active alginate hydrogels with CNDs by using amidation reaction. The shear-modulus has been found to be dependent on the type of CNDs. Similar to the CNDs, these hydrogels are uorescent active. The gels crosslinked with o-CNDs and m-CNDs display uorescence activity when excited using UV light. In contrast, the gels with p-CNDs can be excited over a broader wavelength region. The CNDs crosslinked hydrogels are stable in a phosphate-buffered saline stable, in comparison to the conventional ionically crosslinked hydrogels, which dissociate over time. The CNDs crosslinked gels remain uorescent active for a prolonged duration. These stable and photoluminescent hydrogels have potential applications in drug delivery and tissue scaffolding.
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